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A B S T R A C T
H2S, PM2.5, O3, NO2, SO2 and meteorological parameters such as temperature, relative humidity, precipitation, wind
speed and wind direction were measured simultaneously in an eastern Croatian town called Slavonski Brod during the
season winter/spring 2010. Emissions from the nearby cross-border (Bosnia and Herzegovina) oil refinery were identi-
fied as sources of temporary elevated concentrations of H2S. The maximum daily averages of PM2.5 concentrations dur-
ing the winter period were as high as 240 mg m–3 which is a value 10 times greater than the threshold prescribed by the
World Health Organization. It is considered that the heating season, dense traffic, intense industrial activities and tem-
perature inversion during stable weather conditions are prevailing contributors to higher winter concentrations of PM2.5.
The results of the principal component analysis technique (PCA) have shown that lower air temperature, lower wind
speed and higher relative humidity play a significant role in the winter pollution episodes. From a public health point of
view, implementation of measures aimed at reducing the levels of H2S and PM2.5 should be considered.
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Introduction
Air pollution episodes are defined as the events in
which levels of pollutants exceed the respective national
thresholds to a great extent. The main generators of pol-
lutants are: industrial processes, burning fossil fuels and
vehicular traffic1. The by-products of these operations
(particulate matter (PM), H2S, CO, NOx, SO2, volatile or-
ganic compounds (VOCs)) have been emitted in the envi-
ronment in enormous amounts, seriously threatening
human health and the biosphere. The major source of
fine particulate matter (PM2.5, diameter 2.5mm) comes
from human activity such as fuel combustion, industrial
processes, re-suspension and non-industrial fugitive sour-
ces (roadway dust, agricultural wind erosion, etc).
Due to their small size, PM2.5 particles have relatively
long atmospheric residence times (in the order of days),
so they can be carried far away from their origin. There-
fore, pollutants emitted somewhere in Europe can affect
concentrations of PM2.5 not only in neighbouring coun-
tries but also in very distant places2. Unlike coarse par-
ticulate matter (PM10, diameter 10 mm) which contains
mainly crustal materials (Fe, Ca and Si), fine particles
are composed mainly of sulphates, other secondary mate-
rial, many toxic elements such as As, Se, Cd and Ni, and
polynuclear aromatic compounds. Since PM2.5 particles
are tiny, they have high alveolar penetration capacity,
thereby triggering a local inflammatory process with cir-
culatory repercussion3.
Recent studies of the link between exposure to PM2.5
and increased mortality have revealed that the most en-
dangered populations are children, older patients and pa-
tients with chronic diseases3,4.
The World Health Organization (WHO)2 guideline va-
lues for 24-hour mean values of PM2.5 amount to 25 mg m–3.
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Anthropogenic releases of H2S into the air result from
industrial processes, but the gas is also present at sewage
treatment plants, tanneries, coke oven plants, farms
with manure storage and landfills. Oil and gas operations
may emit H2S regularly or by accident during the extrac-
tion, storage or processing stage. Hydrogen sulfide ambi-
ent air concentrations from natural sources are estima-
ted5 to range from 0.154 to 0.462 mg m–3. Human exposu-
re to exogenous hydrogen sulfide refers mostly to inhala-
tion and the gas is rapidly absorbed into the lungs. The
effects of exposure to H2S as an irritant and asphyxiant
on human health depend largely on the concentration
and length of exposure. Lower doses of H2S and related
gases appear to be innocuous, but the effects of pro-
longed exposure are associated with headaches, nasal
symptoms and respiratory diseases5,6. This is particu-
larly evident if the fact that the atmospheric residence
time of H2S may be as high as 42 days in winter is taken
into consideration5. The ability to detect the odour of
H2S varies amongst individuals, though the best esti-
mates of the odour threshold for H2S range from 7 to 10
mg m–3. The Croatian 1-hour average and 24-hour aver-
age threshold of 7 mg m–3 and 5 mg m–3 respectively must
not be exceeded more than seven times in a year7.
Ozone is a secondary pollutant produced through a
complex series of reactions between primary pollutants,
mainly oxides of nitrogen, sulfur oxides, carbon oxides,
VOCs (volatile organic compounds) and sunlight. High
concentrations of O3 are associated with an increased
risk of asthma; it can intensify airway inflammation and
also potentiate the airway response to the inhaled aller-
gens2. Emissions of NO and NO2 originate from anthro-
pogenic sources, the main contributors of which are traf-
fic and stationary combustion. Paradoxically, O3 concen-
trations in the air might increase if the emission of nitro-
gen oxides (NOx) goes down. In terms of gases, the solu-
bility governs which proportion may be absorbed in the
upper airway and which proportion will reach the termi-
nal air sacs of the lungs. Unlike SO2 which is rather solu-
ble and consequently absorbed early in the airway, lead-
ing to airway resistance and mucous secretion, NO2 and
O3 are relatively insoluble and thus able to penetrate
deep into the lungs and the air sacs causing pulmonary
edema. Most of the studies associate levels of NO2 and
SO2 to the levels of particulate matter and O3 in the air,
hence the damaging effects are evaluated for all of the
four pollutants together1,2.
The potential air pollution sources in Slavonski Brod
include a nearby oil refinery located across the border
with Bosnia and Herzegovina, the \uro \akovi} indus-
try and vehicle emissions from surrounding roads fea-
tured by dense traffic.
There are no available studies about pollution issues
with respect to this part of Croatia, so it is very impor-
tant to explore experimental data coming from this re-
gion in order to get a comprehensive monitoring picture
of the entire area. For the purpose of assessment of the
state of ambient air in the Slavonski Brod area, the data
of simultaneous measurements of PM2.5, H2S, O3, NO2,
SO2, and meteorological parameters were analysed and
the results thereof are now presented in this paper.
Multivariate data analysis (MDA) techniques like prin-
cipal component analysis (PCA) have been proved to be
an effective tool to investigate the relationship between
voluminous data such as air pollution and meteorological
records. Recent studies have shown that the PCA me-
thod is successfully applied to identify the dominant
multivariate relationships presented by such complex
data8. The goal of this study is to assess the exposure of
inhabitants of the Slavonski Brod area to different pol-
lutants (namely PM2.5, H2S, O3, NO2 and SO2.) Also, the
aim of conducting this research is to identify, by means of
PCA, the hidden relationships between air pollutants
and meteorological variables.
Measurements and Methods
Our monitoring site, the town of Slavonski Brod
with its population of about 63,000, belongs to one of
the biggest urban and industrial centre in the eastern
Croatia.
The monitoring station is lifted 20 m above the gro-
und and located in the western outskirts of Slavonski
Brod at 45.6° N, and 17.59° E, close to the Sava River and
in the zone of influence of the refinery located in the
neighbouring country of Bosnia and Herzegovina. The
city is surrounded by the mountain range of Dilj in the
north and the Sava River in the south. The annual aver-
age temperature is 11°C (spring: 11°C, summer: 21°C, au-
tumn: 11.8°C, winter: 0.2°C).
The measuring site in Slavonski Brod is a part of the
national network for continuous air quality monitoring
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Fig. 1. Map of Slavonski Brod area with the position of the mea-
surement site (MS) (source: Google Maps).
established by the Croatian Ministry of Environmental
Protection, Physical Planning and Construction. The
network is engaged with surveillance of concentration of
NO2, H2S, SO2, PM2.5 and O3, temperature (T, °C), rela-
tive humidity (RH, %), wind speed (WS, m/s), wind direc-
tion (WD, degrees) and precipitation (Pr/mm). The figu-
res representing concentrations of NO2, H2S, SO2, PM2.5
and O3 are expressed in mg m–3. The measurement period
involved the time span from January 10th to May 11th,
2010.
PCA models were applied in order to investigate rela-
tionships of meteorological variables and pollutant con-
centrations8. In the present study statistical analysis




Figures 2–6 show the average hourly variations of all
the measured primary and secondary pollutants obtai-
ned from January 19th through May 11th 2010 in the
form of »box and whiskers« plots. As shown in Figure 2,
most of the maximum hourly values of H2S concentra-
tions were higher than the hourly standards (7mg m3)
stipulated by the national ambient air quality in Croa-
tia7. Elevated concentrations of PM2.5 are also very prom-
inent (Figure 3). Their maximum hourly concentrations
reached 300 mg m–3. Nevertheless, the maximum hourly
concentrations of SO2, NO2 and O3, did not exceed the
threshold of 350, 200 and 120 mg m–3, respectively (Fig-
ures 4–6). A comparison of the average diurnal pollut-
ants profiles show that the two concentration peaks of
NO2 are located in the front and at the back the peak for
O3. Obviously, higher SO2 concentrations appear during
later morning hours or around noon, which is a tendency
similar to that of H2S.
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Fig. 2. Diurnal distribution of H2S concentrations in Slavonski
Brod in the season winter/spring 2010.






















Fig. 3. Diurnal distribution of PM2.5 concentrations in Slavonski
Brod in the season winter/ spring 2010.
























Fig. 4. Diurnal distribution of SO2 concentrations in Slavonski
Brod in in the season winter/ spring 2010.




















Fig. 5. Diurnal distribution of NO2 concentrations in Slavonski
Brod in in the season winter/ spring 2010.
Daily averages of PM2,5, H2S, NO2, SO2 and O3
concentrations
The WHO guideline for 24-h PM2.5 value totals 25 mg
m–3. This value was exceeded on 58 (app. 50%) occasions
in the area of Slavonski Brod in the target period. Re-
garding the 24-h limit value of 5 mg m–3 for H2S, this mea-
surement site recorded only one reading beyond the
limit.
As seen in Figures 7–9 and unlike for H2S, the daily
average of SO2, NO2 and PM2.5 concentrations decreased
at the end of the winter period. The NO2, SO2 and O3 con-
centrations stayed within the thresholds and therefore
they are shown together in Figure 9.
Wind roses
The technique of rose plotting was applied in order to
understand behaviour and origin of all pollutants. Figure
10 presents the correlations between the wind and pol-
lutant concentrations. The correlations between the con-
centrations of H2S and SO2, and wind direction clearly
show that higher values have something in common with
southwest (180°–270°) air masses. On the contrary, the
density of points shows that higher concentrations of O3,
NO2 and PM2.5 are mostly situated in the sector extend-
ing from east (or both from east and from west) of the
monitoring station. Different diurnal variations of H2S
and SO2 as well as different wind roses regards remain-
ing pollutants indicate that one might have to search for
their origin somewhere else.
Principal component analysis
Interpretation of the results of PCA is based on visuali-
zation of the component scores and loadings. In general:
PCi = l1iX1 + l2iX2 +….+ lniXn(1)
where PCi is the i-th principal component and lji is the
loading of the observed variable Xj.
The principal component loadings can be plotted for
any pair of principal components (PCs). In order to avoid
misclassifications arising from different orders of the
magnitude of measured variables, the data were mean
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Fig. 6. Diurnal distribution of O3 concentrations in Slavonski











































































Fig. 9. Average diurnal changes of SO2, NO2 and O3.
(average) centred and divided by relevant standard devi-
ations. PCA on the basis of the correlation matrix of the
data provide the results given in Figure 11 (loadings and
scores). Firstly, grouping of the objects (samples) can be
recognized and secondly, the importance of different
elements for discrimination between the clusters can be
discussed. Four main clusters of samples can be distin-
guished: a rather compact cluster (I) in the left portion of
Figure 11 (which contains most of the samples). It there-
fore defines the most common condition, i.e. determines
situations of higher frequency. Since the variables that
point toward certain objects are more important for
those objects, it is obvious that these days were drier
with calm winds and lower H2S, SO2, NO2 and PM2.5 con-
centrations. While the days in the upper right portion of
Figure 11 (Cluster II-winter period) display periods with
windy, colder and more humid days as well as with the
highest concentrations of SO2, NO2 and PM2.5, cluster III
(also winter period) contains days that are characterized
by higher H2S levels. Consequently, these two clusters
represent somewhat less frequent cases, although with
higher concentrations of pollutants. Cluster IV (spring
period) is characterized with warmer and windy weather,
lower relative humidity and higher O3 concentrations.
Discussion
Qualitative assessment of the impact of anthropoge-
nic sources of all the measured pollutants can be obtained
by examination of the diurnal variability of pollutants
concentrations and the extent to which it follows human
activity patterns. As indicated, it came to frequent non-
-adherence to the WHO2 (for PM2.5) and Croatian stan-
dards7 (for H2S) during the two observed seasons. In Jan-
uary and February, PM2.5 concentrations were high and
fell at the end of winter as shown in Figure 8. It is appar-
ent that the traffic-related sources were not among those
which are to be predominantly blamed for the variability
of PM2.5 concentrations. Various factors, and not only
emissions of the vehicles or plants, may contribute to the
PM2.5 deviations. Seasonal differences of PM2.5 may be
explained by higher emission during winter season (fossil
fuel combustion from industrial activities and largely do-
mestic heating). In addition, due to the slow movement
of lower air masses, these meteorological conditions en-
courage accumulation of PM2.5 in a stable volume of air.
The combination of these factors may result in accumu-
lation of PM2.5 in the ambient air, leading to its frequent
violations. Particulate matter from various sources fol-
lows the appertaining short-term (daily, monthly) and
seasonal trends (annually). Space heating during colder
seasons generate a larger amount of combustion-related
PM emissions during the day. The combination of the
above factors can result in accumulation of PM2.5 in the
air and bring to frequent violations of the new WHO
standard. Exposure to higher concentrations of PM2.5 is
associated with increased risk of circulatory-cause mor-
tality3 and hospital admissions9. It is important to em-
phasize that the daily mean concentrations of PM2.5 in
Madrid3,4 and Italy10 were significantly lower (maximum
value of only 71 mg/m3 and 131 mgm–3 respectively) than
those measured in the Slavonski Brod area during the
same season.










































































































































Fig. 11. Scores and loadings plot in the PC space (PC1/PC2).
Fig. 10. Measured pollutant concentrations at measured wind di-
rections-wind roses.
The major anthropogenic source of NO2 in urban ar-
eas is fossil fuel combustion from motor vehicles. The
distribution of NO2 is generally characterized by a bi-
modal phenomenon and thus the similarity between NO2
and traffic cycles (two peaks corresponding to rush hours;
in the morning between 6 and 8 a.m. and in the after-
noon between 4 and 6 p.m.) suggests that in this area,
NO2 levels are related to the traffic flow. Regarding the
influence of wind direction, the maximum NO2 concen-
trations were bound to the north-east wind, so the corre-
lation between the slightly higher observed values of
NO2 concentrations and the north-easterly winds can be
attributed to the town centre as the source of this kind of
pollution. This corroborates our assumption that the
main source of NO2 in the Slavonski Brod area is urban
car and bus traffic. The diurnal variations of O3 during
the winter season were similar to those determined in
this part of Croatia in the spring and summer cycles8.
The sudden increase of O3 concentrations at the begin-
ning of March can be explained by a simultaneous tem-
perature and sunshine duration jump. Ozone is the only
gaseous pollutant, concentration of which inversely cor-
relates with remaining pollutants (Figure 11). This hap-
pens quite often in urban areas where the diurnal cycle
of ozone is influenced by traffic. The inverse correlation
between NO2 and O3 reaffirms the so-called »titration ef-
fect« of NO on O3. The positive correlation between O3
and wind speed implies that ozone is probably trans-
ported from the surrounding rural regions situated at
the eastern and western edges of the town.
The distinct morning and evening go-to-work peaks
in the case of H2S, PM 2.5 and SO2 are not obvious, so dif-
ferent diurnal variations and wind roses of PM 2.5, H2S
and SO2 confirm that there are other sources of those
pollutants. Furthermore, higher H2S, NO2, PM2.5 and
NO2 (Figure 11) concentrations were registered at lower
wind speeds which indicates the dilution of these air pol-
lutants by wind as well as the fact that they were all pro-
duced in the vicinity of the measurement site. This find-
ing could be conditioned by the distance between mea-
surement site and the source of pollutants: with a shorter
distance, the wind acts as a dilution factor, thus the ma-
jority of pollutants seem to originate from the town and
the immediate vicinity of the town. As shown in Figure
10, the correlation between the concentrations of H2S
and SO2 and the wind direction clearly shows that higher
concentrations are associated with south-westerly winds
(180°–270°). This side correspons to the refinery’s area
located on the right bank of the Sava River. Although the
Croatian H2S 1-hour average of 7 mg m–3 should not be
exceeded more than seven times in a year, this standard
was exceeded 22 times during the observation period.
The results of this study show that during winter season,
levels of PM2.5 in the Slavonski Brod area rise and there
might be significant health implications associated with
these high concentrations.
Since the respiratory tract is the major target organ
of H2S and PM2.5 toxicity, humans with asthma, elderly
people and young children with compromised respiratory
function represent sensitive populations3,4,9. Many of the
processes producing particulate matter also produce other
gaseous pollutants, so the negative impact of all the pol-
lutants on human health should not be underestimated.
Knowing pollutant concentrations is very important in
the fields such as ecology and medicine. Accurate investi-
gation of these concentrations and of the appertaining
influence of meteorological factors could help pollinosis,
asthmatic and cardiovascular patients.
Conclusion
The reported data on O3, PM2.5, H2S, SO2 and NO2
concentrations constitute the first comprehensive study
of atmospheric pollutants in the town of Slavonski Brod.
Somewhat higher concentrations of H2S and SO2 are as-
sociated with lower wind speeds and south-westerly air
mass movements, which indicates that these gasses are
generated locally, i.e. in the vicinity of the measurement
site. A respective comparison with the World Health Or-
ganization thresholds acknowledges the presence of the
fine particle (PM2.5) pollution issue in the Slavonski Brod
area. Principal component analysis has turned out to be
an effective method for investigating correlations be-
tween air pollutants and meteorological variables.
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ANALIZA PROBLEMA ZAGA\ENJA U SLAVONSKOM BRODU (ISTO^NA HRVATSKA)
S A @ E T A K
H2S, PM2.5, O3, NO2, SO2 i meteorolo{ki parametri temperatura, relativna vlaga, padaline, brzina i smjer vjetra
mjereni su istovremeno tijekom zime i prolje}a 2010. u Slavonskom Brodu (isto~ni dio Hrvatske). Emisije obli`nje rafi-
nerije smje{tene u susjednoj dr`avi Bosni i Hercegovini identificirane su kao izvori povremeno povi{enih koncentracija
H2S. Maksimalne prosje~ne dnevne koncentracije PM2.5 ~estica tjekom zimskog perioda dostizale su ~ak 240 mg m–3 {to
su vrijednosti 10 puta ve}e od grani~nih vrijednosti propisanih od strane svjetske zdravstvene organizacije. Zaklju~eno
je da su sezona grijanja, gu{}i saobra}aj, intenzivnija industrija i temperaturna inverzija tjekom stagnatnih vremenskih
uvjeta odgovorni za povi{ene zimske koncentracije PM2,5. Rezultati analize glavnih komponenata pokazali su da su epi-
zode zimskog zaga|enja povezane s ni`om temperaturom, manjim brzinama vjetra i ve}om relativnom vlagom. S obzi-
rom na ljudsko zdravlje neophodna je provedba mjera koje bi bile usmjerena na smanjenje koncentracija H2S i PM2.5.
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